The enzymatic degradation of cellulose is a critical step in the biological conversion of plant biomass into an abundant renewable energy source. An understanding of the structural and dynamic features that cellulases utilize to bind a single strand of crystalline cellulose and hydrolyze the β-1,4-glycosidic bonds of cellulose to produce fermentable sugars would greatly facilitate the engineering of improved cellulases for the large-scale conversion of plant biomass. Endoglucanase D (EngD) from Clostridium cellulovorans is a modular enzyme comprising a Nterminal catalytic domain and a C-terminal carbohydrate-binding module (CBM), which is attached via a flexible linker. Here, we present the 2.1 Å resolution crystal structures of full-length EngD with and without cellotriose bound, solution small angle X-ray scattering (SAXS) studies of the full-length enzyme, the characterization of the active cleft glucose binding subsites, and substrate specificity of EngD on soluble and insoluble polymeric carbohydrates. SAXS data support a model in which the linker is flexible, allowing EngD to adopt an extended conformation in solution. The cellotriose-bound EngD structure revealed an extended active site cleft that contains seven glucose-binding subsites, but unlike the majority of structurally determined endocellulases the active site cleft of EngD is partially enclosed by Trp162 and Tyr232. EngD variants, which lack Trp162, showed a significant reduction in activity and an alteration in the distribution of cellohexaose degradation products suggesting that Trp162 plays a direct role in substrate binding.
Introduction
Cellulolytic microorganisms produce a diverse array of glycosyl hydrolases (GH) that depolymerize plant cell wall polysaccharides. To date, 131 families of GHs and 66 families of carbohydrate-binding modules (CBM) have been identified and organized by sequence similarity (Carbohydrate Active Enzyme database, http://www.cazy.org/) 1 . In particular, cellulases catalyze the hydrolysis of the β-1,4-glycosidic bonds of cellulose. These microorganisms utilize the resulting degradation products as both a carbon and energy source and play an essential role in biomass degradation. The potential utilization of plant biomass to provide an abundant renewable "green" energy source has reinvigorated both the search for novel cellulases from extremophiles as well as efforts to engineer more physically robust cellulases for use in industrial biomass conversion 2, 3 . The structural characterization of model cellulases, such as Endoglucanase D (EngD), will guide these design efforts 4 as well as contribute to the basic understanding of how these enzymes accomplish their formidable task.
EngD is produced by the anaerobic, mesophilic, cellulolytic bacterium Clostridium cellulovorans 5 . The catalytic domain of EngD belongs to the GH family 5 and exhibits both cellulase and xylanase activities 6, 7 . Members of the GH5 family adopt a (β/α) 8 fold with the catalytic carboxylate residues located on the fourth and seventh strands. A large degree of sequence diversity exists among the GH5 family members with only eight strictly conserved residues observed across the entire family 8 . EngD does not associate with the cellulosome, but instead interacts with insoluble substrate via a CBM. The CBM of EngD, designated here as CBM EngD , belongs to the CBM family 2 and is attached to the catalytic domain via a flexible proline/threonine-rich (PT) linker. Foong et al. demonstrated that CBM EngD was capable of binding cellulose and that when this domain was removed the activity of EngD on insoluble substrate was diminished dramatically 6 .
One of the structural hallmarks of endoglucanases in general, and members GH5 in particular, is an open active site cleft that runs along the face of the catalytic domain. The cleft is large enough to accommodate a single strand of cellulose and contain several distinct glucose binding sites [9] [10] [11] [12] [13] . The EngD structures presented here reveal two residues on the exterior of the cleft, Trp162 and Tyr232, which form a "clamp" that encloses the cleft. Trp162 and Tyr232 would have to be transiently displaced in order for a cellulose strand to bind, suggesting that Trp162 and Tyr232 may play an important role in the interaction of cellulose. Previous studies have demonstrated that the aromatic residues lining the active site clefts of cellulases and chitinases are important in modulating substrate binding and reactivity. In particular, the mutation of aromatic residues on the exterior of the cleft reduces activity toward crystalline substrates, while not diminishing the reactivity towards soluble or amorphous substrates, and in some cases actually increasing rates [14] [15] [16] [17] [18] [19] . In order to understand the role Trp162 and Tyr232 play in substrate binding and reactivity we constructed and biochemically characterized the product distribution of three EngD variants which lack one (EngD W162A , EngD Y232A ) or both (EngD DM ) of these aromatic residues.
Due to the inherent flexibility of the linker between the catalytic domain and CBM domains and the negative effects of disorder on the production of diffraction-quality protein crystals, the majority of known cellulase structures consist solely of the catalytic domain. Here, we present the structures of both the catalytic and CBM domains of full-length EngD, which was crystallized with and without bound cellotriose and solved to a resolution of 2.1Å. This is the first family 2 CBM to be solved by X-ray crystallography. In addition to the X-ray structure, SAXS data from intact EngD allowed the modeling of the interactions between the catalytic and CBM domains. Biochemical characterization of the EngD variants along with the wild type EngD crystal structure with and without bound cellotriose provides insight into how endocellulases interact with a bound cellulose chain. Understanding of these critical cellulase-cellulose interactions will improve our ability to design synthetic cellulases.
Results

Overall Structure and Structure Quality
The EngD construct utilized for crystallization contained a catalytic domain, a PT linker, a CBM, and a C-terminal non-cleavable His 6 affinity tag. Both the unliganded and cellotriosebound EngD structures had well-defined electron density corresponding to the catalytic domain (residues 4-348) and the CBM (residues 381-487) domains. Electron density was not observed in either of the EngD structures for either the PT linker (residues 349-380), presumably resulting from the intrinsic disorder of the flexible linker region, or the Cterminal non-cleavable His 6 affinity tag (residues 488-515). In both structures there are four molecules per asymmetric unit. The four monomers in the asymmetric unit are essentially identical with an average C α root mean square deviation of 0.30 Å between monomers in the cellotriose-bound structure. All pertinent information on data collection, refinement, and model statistics are summarized in Table 1 .
EngD Catalytic Domain
The catalytic domain of EngD (residues 4-348) adopts a slightly modified (β/α) 8 barrel fold which is similar to the fold observed in several GH families including the GH5 family 11, [20] [21] [22] ( Figure 1A ). One departure from the canonical (β/α) 8 fold observed in the EngD structure is the presence of an additional α-helix (α0) at the N-terminus enclosing one end of the β-barrel. A second departure from the prototypical (β/α) 8 fold is the truncation of α-helix 5 relative to the other helices surrounding the internal β-barrel. Finally, there are two single-turn helices located on extended loops connecting β-strand 4 to α-helix 4 and β-strand 6 to α-helix 6. The two extended loops and the truncated α-helix 5 form a cleft that runs along the face of the β-barrel. Two residues, Trp162 and Tyr232, located on the extended loops, form a "clamp" that encloses the cleft. The positions of Trp162 and Tyr232 near the active site suggest a role in substrate binding and EngD variants, which lack one (EngD W162A and EngD Y232A ) or both (EngD DM ) residues were constructed to study their function.
EngD Carbohydrate-Binding Module
The CBM of EngD, here designated CBM EngD , adopts a β-sandwich fold composed of two four-stranded antiparallel β-sheets, which stack on top of each other forming a wedge-like structure. One face of CBM EngD is flat and displays three aromatic residues, Trp393, Trp430, and Tyr448, which likely define a cellulose-binding site ( Figure 1D ). Trp393, Trp430, and Tyr448 are structurally homologous to three tryptophan residues observed in the CBM of C ex from Cellulomonas fimi (PDB ID: 1EXG) 23 , which have been shown to be involved in cellohexaose binding 24 , suggesting that Trp393, Trp430, and Tyr448 are involved in cellulose binding. Several polar residues, Ser395, Asn391, Ser398, Thr427, Asn428, Ser431, Asn449, Asn464, and Asn466, flanking Trp393, Trp430, and Tyr448 could potentially form hydrogen bonds with the hydroxyl groups of a bound cellulose chain ( Figure 1D ).
Interactions Between the Catalytic and Cellulose Binding Domain
Due to the inherent flexibility of the linker region that connects the catalytic domain to the CBM, nearly all the structures of GH5 family members have been solved without their CBM domains. In the asymmetric unit there are four CBM EngD monomers and each directly interacts with one catalytic domain. The interface between a CBM EngD and the corresponding catalytic domain has an average surface area of 591 Å 2 as calculated by PISA 25 . Without definitive electron density for the PT linker, it is not possible to assign a particular CBM EngD to a corresponding catalytic domain. Consequently, each of the CBM EngD and catalytic domains were modeled and refined as separate chains.
To better understand the interactions between the catalytic domain and the CBM domain we performed SAXS experiments on the same full-length EngD construct that was used for crystallization. Monomers created from the crystal structure by modeling realistic linkers between the catalytic and the CBM EngD domains fit the SAXS data poorly with a best Chi agreement of 6.2. The calculated distance distribution function, P(r), from SAXS data had significantly larger dimensions than was observed in the crystal structure and had two separated distributions of mass (Fig 2A) . Utilizing a standard of known molecular weight and concentration, the mass calculated from the extrapolated X-ray intensity at zero scattering angle from EngD was 70kDa with and expected monomer molecular weight of 58kDa. The single peak from size exclusion chromatography was symmetric and characteristic of a single species (Data not shown). Thus SAXS data analysis was conducted assuming the dominant species in solution was monomeric. The over-estimate of molecular weight is likely due to errors concentration measuring upon which the molecular weight estimate relies. The Radius of gyration (R g ) was significantly larger than crystallographic models and that expected of a globular proteins of the same size. Larger than expected R g have been observed in other full-length cellulases [26] [27] [28] [29] . The large R g and bimodal P(r) suggested EngD adopts an extended conformation in solution where the catalytic domain and the CBM EngD do not interact and are separated by the flexible linker.
Due to the flexible nature of full-length EngD a library of conformations was generated to fit the SAXS data ( Figure 2C ). BILBOMD was utilized to create a large and comprehensive ensemble of possible conformations of EngD where the catalytic domain and CBM EngD independently retain their structures but are flexibly linked (Fig 2C) . This large ensemble was then further refined to identify minimal ensembles. The single best conformer fit with a Chi of 2.5 and a center-to-center distance from catalytic domain to CBM EngD of 60Å. Three conformers fit with a Chi of 1.1. A further improved fit (χ of 0.95, where a χ ≤ 1 indicates agreement within error bars) was obtained when five confirmers of EngD with near even fractional contributions were utilized ( Figure 2D ). The compact conformations of the catalytic domain and CBM EngD observed in the crystal structure were not components of the five confirmers used to fit the SAXS data. Suggesting that the tight association in the crystal structure is driven by the solution conditions leading to crystallization and does not reflect the flexible nature of full-length EngD in solution. The average center-to-center distance for the five member ensemble was 73Å but included members with a low of 53 and high of 111 Å. Thus the position and orientation of the catalytic relative to the CBM EngD domain was diverse among the five conformations with similar weightings. This results supports flexibility between the domains as no single dominating conformations could be found with a similar quality of fit to the experiment.
Active Site and Cellulose-Binding Cleft
There are eight strictly conserved residues across GH5 family members 8, 30, 31 . In EngD these residues correspond to Arg63, His107, Asn151, Glu152, His227, Tyr229, Glu275, and Trp308. The conserved residues are clustered together on one face of the β-barrel corresponding to the active site cleft. EngD hydrolyzes a glycosidic bond with retention of the anomeric configuration through a double replacement mechanism 32, 33 . Based on structural alignments with other GH5 family members, Glu152 has been identified as the general acid/base and Glu275 as the nucleophile 11, 13, 34 , which is consistent with previous biochemical studies 8, 35, 36 .
Aromatic residues are known to be involved in the binding of carbohydrates through stacking 37, 38, 39 . Trp41, Trp162, Tyr229, Tyr232, and Tyr308 are located along the active site cleft and provide a favorable platform for cellulose binding ( Figure 1B ). Trp308 and Trp41 in the cellotriose-bound structure are observed to interact directly with cellotriose through a hydrogen bond with the glucose moiety occupying the −2 subsite (Trp308) and by stacking against the glucose moiety located at subsite −3 (Trp41). The binding cleft of EngD is sufficiently long to bind six or possibly seven glycosyl units. The cellotriose-bound structure clearly identifies four of the glucose-binding subsites (−3, −2, −1, and +3) and a possible fifth subsite (+4) ( Figure 1C ). The residues that interact directly with the cellotriose molecules are shown in Figure 3 .
EngD•Cellotriose Complex
In the asymmetric unit of the cellotriose-bound EngD structure there are four EngD monomers and six cellotriose molecules. Each catalytic domain directly interacts with two cellotriose molecules. One cellotriose molecule occupies glucose binding subsites −3, −2, and −1 and appears to bind with high affinity. The second cellotriose molecule bridges two adjacent catalytic monomers (subsites +3 and +4) and could represent a low-affinity binding site that is occupied due to crystal packing. The electron density was well defined for both the active site and bridging cellotriose molecules and all cellotriose molecules were modeled at 100% occupancy ( Figure 4 ). Attempts were made to solve the crystal structure of EngD in complex with xylooligosaccharides and mixed β-1-3, 1-4 linked glucans but these attempts resulted in partial binding and ambiguous electron density (data not shown) when compared to the cellotriose-bound EngD structure. Between the two cellotriose molecules in the active site cleft, sufficient room remains to accommodate a cellobiose unit, which would occupy putative glucose binding subsites +1 and +2 ( Figure 1C ). Trp162, which is position on a long flexible loop, could interact with a glucose moiety located at the +2 subsite. In addition to Trp162, Tyr229 and Tyr232 could provide a binding platform for glucose moieties located at subsites +1 and +2.
The glucose moiety in the −1 site is anchored by several hydrogen bonds from four of the eight conserved residues in GH5 family members (His107, Asn151, Glu152, and Glu275) ( Figure 3 ). The C-1 hydroxyl of the glucose at the −1 position participates in a hydrogen bond with the catalytic acid/base Glu152. Asn151 and the nucleophilc Glu275 hydrogen bond with the hydroxyl at the C-2 position. One of the conserved histidine residues, His107, forms a hydrogen bond with the C-3 hydroxyl of the glucose moiety at the −1 subsite. Glu319 interacts with both the C-6 hydroxyl of the glucose in subsite −1 and the C-2 hydroxyl of the glucose in the −2 subsite. The strictly conserved Trp308, along with Asn30 and Asn310, forms a series of hydrogen bonds with the glucose in the −2 subsite. The C-2 hydroxyl of the glucose moiety at the −2 subsite hydrogen bonds with both Trp308 and Asn310. Finally, Asn30 forms a hydrogen bond with the C-3 hydroxyl of the glucose molecule at the −2 position. The glucose molecule at the −3 subsite is mostly solventexposed and other than a stacking interaction with Trp41, there are no direct interactions with the protein.
Compared to the cellotriose bound near the active site, the bridging cellotriose molecule makes fewer interactions with the surrounding polypeptide ( Figure 3 ). In the structure of EngD without cellotriose, the cavity where the bridging cellotriose would bind is completely solvated. Even though a non-crystallographic 2-fold axis passes through the bridging cellotriose molecule, the electron density can be satisfactorily fit with a single conformer of cellotriose ( Figure 4B ). This results in two possible binding conformations of the +3 glucose. In two of the four catalytic monomers (chain A and chain B), the +3 glucose is hydrogen bonded with the carbonyl oxygen of Ala205, the backbone nitrogen of Met206, and Ser204. In chains C and D, the +3 glucose interacts directly with Glu256 and indirectly with Ser230 through a water molecule. Unlike the glucose bound at the +3 subsite, which is coordinated by a single catalytic domain, two catalytic domains coordinate the glucose located at the possible +4 glucose subsite. The +4 glucose forms a hydrogen bond with Ser256 from one monomer (chain A or chain B) and Ser207 from the adjacent monomer (chain C or chain D). There are relatively few interactions with the glucose moiety bound in the +4 subsite when compared to the other subsites. It could be that the +4 subsite is a crystallographic artifact or represents a low-affinity binding site.
Sequence Homologues
In an attempt to clarify relationships amongst sequence-similar enzymes, a BLAST analysis of the entire EngD sequence was performed against the Uniprot database. The results show that EngD is closely related to a number of enzymes from other cellulolytic organisms. The homology resides primarily in the GH5 domain of the enzymes. However, the organization of the enzymes shows three distinct structural motifs (Table 2 ): 1. Analogous to EngD, two of the homologues possess CBM 2 domain connected to the GH5 via a linker region. These enzymes may all be involved in degradation of cellulose or cellulosic fragments as described above; 2. Cellulosomal variants contain no CBM, rather a dockerin domain separating the GH5 from a lipase/esterase domain. This combination of several varied catalytic domains on one scaffold suggests these enzymes do not attack just cellulose, as it contains no ester linkages. A different cell-wall substrate is suggested, possibly xylan, where the combination of esterase and GH5 could act synergistically on a substituted xylan; 3. Variants containing only a GH5 domain would not be expected to be highly active on cellulosic substrates. These enzymes may act on soluble substrates such as beta-glucans xyloglucans, and related carbohydrates.
Substrate specificity
To better understand the function of EngD, the substrate specificity of EngD was determined using soluble and insoluble polymeric carbohydrates as described in Methods. The specific activity values (Table 3) demonstrate that the active site of the enzyme effectively binds and cleaves a range of substrates containing bonds other than β-(1-4) (β-glucan), substrates with side chain carbohydrates (xyloglucan), and substrates with β-(1-4) sugars other than glucose (xylan and glucomannan). EngD is unable to hydrolyze galactomannan, a β-(1-4)-linked mannan backbone with β-(1-6)-linked galactose residues.
To further study cellulose hydrolysis by EngD, extent of hydrolysis reactions were carried out comparing EngD to Clostridium thermocellum cellulases using the florescent reporter MUC, and 0.2% Avicel microcrystalline cellulose as substrate as described in Methods. Incubations with MUC showed EngD and all C. thermocellum GH5 enzymes hydrolyzed MUC (Table 4) , an indicator of exo-cellulase activity. Avicel hydrolysis experiments with EngD were carried out for 113 hr at 40°C and with C. thermocellum enzymes at 60°C for 67 hr. The results (Table 4) show that the presence or absence a CBM module does not increase the amount of glucose produced.
Because EngD normally acts in the presence of cellulosomal enzymes, it is possible that either cellulosomal enzymes convert cellulose into a substrate for EngD, or EngD produces an intermediate product from cellulose that is a substrate for cellulosomal cellulases. To evaluate the possibility that additional cellulases are needed to demonstrate cellulolytic activity for EngD, cellulose hydrolysis was performed at 40°C using purified soluble C. thermocellum cellulases either alone or in combination with EngD. The results (Table 5) show that EngD acts synergistically with combinations of either 3 or 4 C. thermocellum cellulases. Synergy factors do not have a significant dependence on the combination of C. thermocellum cellulases used; synergy factors range from 1.3 to 1.6 for the three combinations tested.
Degradation of Crystalline Cellulose
To investigate the role of Trp162 and Tyr232, two single point EngD variants (EngD W162A , EngD Y232A ) and a variant that replaced both Trp162 and Tyr232 with alanine (EngD DM ) were generated and the soluble products formed from the hydrolysis of Sigmacell 50 catalyzed by these variants were determined ( Figure 5 ). The formation of glucose and cellobiose can be fit to a previously described logarithmic function 40 . Cellobiose and glucose were the major products formed during the 120 hour hydrolysis. There was a small amount of cellotriose formed during hydrolysis, but only after 96 hours (data not shown). Based on the amount of glucose and cellobiose produced, EngD Y232A displayed a slightly lower activity than the wild type. On the other hand, the EngD W162A and EngD DM variants showed a significant decrease in activity on Sigmacell 50. There was a 2 fold and 8 fold reduction in the amount of glucose produced by EngD W162A and EngD DM , respectively, compared to wild type ( Figure 5A ). Unlike EngD Y232A , which showed a similar decrease in the production of both glucose and cellobiose, EngD W162A and EngD DM showed a larger decrease in production of cellobiose than glucose. EngD W162A and EngD DM produced 3 fold and 10 fold less cellobiose than wild type ( Figure 5B ). The binding of the EngD constructs towards Sigmacell 50 was measured to determine if the reduction in glucose and cellobiose was the result of decreased cellulose binding. The three EngD constructs showed similar Sigmacell 50 binding when compared to wild type and it appears that Trp162 and Tyr232 mutations do not affect cellulose binding ( Figure 5C ). Removal of CBM EngD results in an insoluble protein product, and this construct was not tested.
Hydrolysis of Soluble Oligosaccharides
Previous studies have shown that mutation of aromatic residues near the active site cleft of cellulases and chitinases can cause an increase in activity towards soluble substrates [14] [15] [16] [17] [18] [19] . To determine if the loss of Trp162 and/or Tyr232 would affect activity towards soluble substrates the release of products from the hydrolysis of cellobiose, cellotriose, cellotetraose, cellopentaose, and cellohexaose were monitored for wild type EngD and the three aromatic mutants. All EngD constructs were unable to hydrolyze cellobiose and cellotriose within 60 minutes and cellobiose and cellotriose appeared to inhibit activity similar to previous studies 41 . In addition to cellobiose and cellotriose, EngD W162A and EngD DM were unable to degrade cellotetraose and only produced measurable amounts of products on cellopentaose and cellohexaose ( Figure 6 ). In a similar manner to the hydrolysis of Sigmacell 50, EngD Y232A showed a small decrease in the amount of products compared to wild type EngD. Both wild type EngD and EngD Y232A produced a similar ratio of cellobiose and cellotriose when reacted with cellotetraose. With the exception of EngD DM , which produced marginal amounts of breakdown products, all of the EngD constructs primarily produced cellobiose and cellotriose from cellopentaose ( Figure 6 ). A major shift in product distribution was seen in the hydrolysis of cellohexaose. EngD W162A produces a similar amount of cellotriose as wild type, but only a fraction of the cellobiose (Figure 6 ). Given the small amount of products produced by EngD DM it is not clear if EngD DM follows a similar pattern. The reduction in the formation of cellobiose by EngD W162A from cellohexaose is similar to the reduction in cellobiose formation seen in the hydrolysis of Sigmacell 50.
DISCUSSION
There has been increased interest in cellulases and their ability to degrade lignocellulosic biomass into fermentable sugars for the production of bioethanol. Crystalline cellulose poses several challenges to hydrolytic enzymes. The cellulase must first bind to an insoluble substrate, then disrupt the crystalline packing in order to extract a single cellulose strand, and finally position the newly freed strand in the catalytic site. It is known that the CBM of EngD is the driving force that localizes the catalytic domain to cellulose, but what is less well characterized is the role of the active site aromatic residues play in binding and positioning a single cellulose strand. The cellotriose bound structure and active site cleft aromatic mutants presented here elucidate the role of two key aromatic residues (Trp162 and Tyr232) and provide insight into the role these non-catalytic residues play in substrate binding.
The Role of Aromatic Residues Near the Active Site
One of the most prominent features of GH5 cellulases is the large cleft that runs across the catalytic face of the (β/α) 8 barrel to the active site. Several aromatic (Trp41, Trp162, Tyr229, Tyr232, and Tyr308) are located along the active site cleft and provide a favorable platform for cellulose binding ( Figure 1B and Figure 3 ). Unlike the other aromatic residues that line the active site cleft of EngD, Trp162 and Tyr232 are located on flexible, solventexposed loops and form a "clamp" that encloses the active site cleft ( Figure 1A ). Trp162 and Tyr232 have higher than average B factors (26.5) compared to the average B factors of the cellotriose-bound EngD structure (16.3). Thus, the extended loops, which encompass Trp162 and Tyr232, are two of the more flexible portions of the structure. The flexibility of these loop regions should allow Trp162 and Tyr232 to interact with a bound cellulose strand and would explain the reduced active of EngD W162A , EngD Y232A , and EngD DM and the altered product formation of EngD W162A .
EngD W162A , when compared to wild type EngD, showed significant reduction in the amount of glucose and cellobiose produced from the hydrolysis of Sigmacell 50. Although both glucose and cellobiose production was reduced, the ratio of glucose to cellobiose was altered in EngD W162A . Wild type EngD produced approximately 2 mol of cellobiose for every 1 mol of glucose from Sigmacell 50, while EngD W162A produced glucose and cellobiose in approximately equal molar amounts ( Figure 5) . A similar trend was observed in the breakdown products of cellohexaose. Wild type EngD produced an equal amount cellotriose and cellobiose in the degradation of cellohexaose. On the other hand, EngD W162A produced approximately 5 times more cellotriose than cellobiose ( Figure 6 ). These results and the cellotriose-bound structure suggest that Trp162 interacts directly with the +2 subsite and without this interaction the formation of cellobiose is less favorable and the overall activity is decreased. Similar reductions in activity were observed when a solvent exposed Trp residue (Trp272) was mutated in Cel6A from Trichoderma reesei 19 . The authors speculated that Trp272 of Cel6A is involved in the rate limiting step of crystalline substrate hydrolysis and that it may play a role in positing the cellulose chain within the active site cleft 19 . The Cel6A results are similar to what is observed in the Trp162 EngD variant and suggest that Trp162 may play a similar role in the initial contact with cellulose in addition to stabilizing a bound cellulose strand at subsite +2. Unlike Trp162, Tyr232 seems to have a limited influence on EngD activity. The EngD Y232A variant showed only modest reductions in glucose and cellobiose formation from Sigmacell 50 when compared to wild type. Despite reduced activity, EngD Y232A produced similar amounts of glucose from cellotetraose, cellopentaose, and cellohexaose when compared to wild type EngD (Figure 6 ). These assays suggest that Tyr232 may play a secondary role in stabilizing the bound substrate at the +2 subsite. Given the position of Tyr232, it is possible that Tyr232 acts to block bound substrate from exiting the active site cleft. Preventing bound substrate from dissociating would increase the amount of productive binding leading to an increase in activity. However, mutations of Tyr245 of Cel5A from Acidothermus cellulolyticus, which is located on an extended loop between β-strand 6 and α-helix 6 in a similar environment to Tyr232 of EngD, resulted in a substantial increase in the rate of hydrolysis of soluble substrates 42 . When the two structures are aligned, Tyr245 of Cel5A occupies a similar position as Tyr232 of EngD. Baker et al. suggested that the increased reaction rate was due to a reduction in product inhibition 42 . Based on the data presented here it is not possible to determine if EngD Y232A has reduced cellobiose inhibition when compared to wild type EngD but it is clear that the loss of Tyr232 affects activity. It is possible that even though Tyr245 of Cel5A and Tyr232 of EngD are structurally similar they may play a different role in catalysis, but this remains to be determined. EngD DM , which lacks both Trp162 and Tyr232, showed a dramatic reduction in activity compared to wild type and EngD Y232A . Only after 24 hours of Sigmacell 50 degradation did EngD DM produce enough glucose or cellobiose to be measured by HPLC ( Figure 5 ). EngD DM was also ineffective in degrading cellotetraose, cellopentaose, and only produced measureable amount of cellotriose and cellobiose from cellohexaose ( Figure 6 ). EngD W162A showed that Tyr232 could marginally compensate for the loss of Trp162, but with the loss of both Trp162 and Tyr232 EngD is essentially inactive, which suggests that Tyr232 plays a supporting role in catalysis.
Oligosaccharide Binding
The cellotriose-bound crystal structure and degradation assays provide insight into the relative affinities of the subsites of EngD. None of the EngD constructs were able to degrade cellobiose or cellotriose, which suggests that cellobiose and cellotriose bind in a similar manner to what is observed in the cellotriose-bound crystal structure. If EngD bound cellobiose and cellotriose in the −3 to −1 subsites then there would be no degradation products (Figure 7) . Unlike cellopentaose and cellohexaose, cellotetraose was only partially degraded by wild type EngD and EngD Y232A . If cellotetraose bound to the high affinity site (−3 to −1 subsites) then glucose and cellotriose would be the only products formed, but there was a significant amount of cellobiose from the degradation of cellotetraose, demonstrating that there is substantial binding to the −2 to +2 subsites ( Figure 7) . The binding of cellotetraose to the −2 to +2 subsites further strengthens the hypothesis that Trp162 stabilizes the +2 subsite and would explain why EngD W162A and EngD DM were not able to degrade cellotetraose. With the exception of EngD DM , which shows insignificant activity, all of the EngD constructs produced cellotriose and cellobiose from cellopentaose. Based on the crystal structure it is likely that cellopentaose binds in the −3 to +2 subsite and not the −2 to +3 subsite, but the definitive position of cellopentaose is impossible to determine with this assay (Figure 7) . The most pronounced shift in product distribution was observed in the degradation of cellohexaose. EngD W162A favors the formation of cellotriose, suggesting that cellohexaose binds in the −3 to +3 subsites, while wild type and EngD Y232A produce equal amounts of cellotriose and cellobiose, which suggest an alternative binding mode for cellohexaose (Figure 7) . The binding in the −3 -+3 subsite of EngD W126A may be due to the loss of Trp162 and the destabilization of the +2 subsite. The reduction in EngD W162A and EngD DM activity can be explained by a decrease in binding affinity at the +2 subsite for substrates longer than cellotriose. Taken as a whole, these results suggest that EngD is preferentially active on substrates longer than cellotetraose, bind substrates primarily to the −3 to −1 subsites, and the +2 subsite is important in catalysis.
Dynamics of EngD in solution
Many cellulases have a common architecture, a catalytic domain tethered by a PT-rich liker to a CBM domain. We have shown here both the detailed structures of both domains by Xray crystallography and also shown by SAXS that the linker is indeed flexible and that, free in solution the relative positions of the CBM and the catalytic domain are quite variable ( Figure 2D ). This property is consistent with the idea that the CBM fixes the enzyme to the surface of the cellulose, allows the catalytic subunit to achieve a high local concentration and probe the nearby surface of the cellulose for productive binding and catalysis.
Physiological function of EngD
The physiological function of EngD is difficult to elucidate from in vitro observations alone. The presence of EngD homologues in many cellulolytic organisms argues strongly for a function related to biomass degradation. The enzyme is a true cellulase, possessing both endocelulase and exocellulase activities. Like many other GH5 cellulases EngD can hydrolyze synthetic small molecule substrates, crystalline cellulose, amorphous cellulose, and cellulose derivatives. The extent of cellulose hydrolysis is unexceptional, but within the range seen with C. thermocellum GH5 cellulases. Given the presence of a strong cellulosebinding domain, one would expect EngD to perform as well or better than GH5 cellulases not containing a cellulase-binding domain. Yet, EngD performs worse than several C. thermocellum cellulases with no cellulose-binding domain.
EngD appears to act synergistically with other normally cellulosomal cellulases, a factor that may be more physiologically relevant to its activity. The results of the experiments combining EngD with C. thermocellum cellulases suggests that the activity of EngD may be limited to initiating hydrolysis at a limited number of sites on the crystalline surface of cellulose. The open, but clamp-enabled cleft appears posed to accept a strand directly from the surface of cellulose, an event that may well be the limiting factor for initial strand breakage in crystalline cellulose 43 . Other C. thermocellum cellulases may also partially degrade the cellulose crystal, exposing more sites for EngD hydrolysis to initiate cleavage. In the presence of C. thermocellum cellulases EngD may also function to further degrade the cellodextrins generated by the C. thermocellum cellulases to cellobiose.
A final option for EngD's activity does not involve action on cellulose. EngD's strong hydrolytic activity on substrates other than cellulose or beta-glucan is rare, but not unheard of with GH5 cellulases. A number of GH5 cellulases have been reported to be active on mannan, glucomannan, galactomannan, xyloglucan and xylan 44 . The ability of EngD to degrade xyloglucan, and xylan may have physiological relevance on real biomass, where cellulosomal enzymes are unable to penetrate into the cellular matrix of cellulose, hemicellulose, pectins, and other polysaccharides. Being a soluble, rather than cellulosomal enzyme, EngD may also function to open up the biomass, allowing access to the cell wall for the cellulosomes.
Materials and Methods
Protein Expression and Purification
The gene encoding wild type EngD (NCBI database P28623) was commercially synthesized after its sequence was codon optimized for expression in Escherichia coli by GeneArt (Regensburg, Germany). W162A, Y232A, and W162A Y232A variants were generated with a QuikChange II Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). The EngD genes were amplified by PCR using Easy-A High-Fidelity Cloning enzyme (Stratagene, La Jolla, CA) and subsequently subcloned into the pBAD/Thio TOPO vector (Invitrogen, Carlsbad, CA). After transformation into TOP10 cells, the clone harboring the desired thioredoxinEngD construct was identified by DNA sequencing. Expression and purification of wild type, W162A, Y232A, and W126A Y232A EngD were completed as described previously with several modifications 45 . E. coli harboring the thioredoxin-EngD constructs were grown in LB at 37° C to an OD 600 of 0.5. Following induction with 0.002% L-arabinose, cells were grown for an additional 20 hours at 25° C before harvesting. Harvested cells were resuspended in 40 mL of lysis buffer (50 mM NaH 2 PO 4 buffer, pH 8.0 containing NaCl (300 mM), imidazole (10 mM), lysozyme (0.5 mg•ml −1 ), E-64 (1.0 μM), benzamidine (0.5 μM), and EDTA (1.0 mM)) and incubated on ice for 30 min. The cells were lysed by sonication, and the C-terminally His-tagged thioredoxin-EngD fusion protein was purified from the supernatant by immobilized nickel affinity chromatography. Fractions containing EngD, as determined by SDS-PAGE, were pooled and dialyzed overnight against 20 mM Tris buffer, pH 8.0 containing NaCl (100 mM). Cleavage of the thioredoxin from the fusion protein was achieved using EKMax recombinant enterokinase (0.5 U/mg of EngD; Invitrogen, Carlsbad, CA). Following cleavage, the thioredoxin and free EngD were separated using a HiTrap Q HP anion exchange column (GE Healthcare, Piscataway, NJ). Pooled fractions exhibiting activity against the substrate 4-methylumbelliferyl β-Dcellobioside were dialyzed against 5 mM HEPES buffer, pH 7.0 containing NaCl (50 mM).
4-Methylumbelliferyl β-D-cellobioside Activity Assay
To confirm the enzymatic activity of the four EngD constructs, purified protein preparations were assayed for their ability to hydrolyze the fluorogenic substrate 4-methylumbelliferyl β-D-cellobioside (MUC Sigma, St. Louis, MO). Specifically, enzyme was diluted in assay buffer (50 mM sodium citrate buffer, pH 6.0) to a final volume of 50 μL/well in a black, round-bottom 96-well microtiter plate. The reaction was initiated upon addition of 50 μL/ well assay buffer containing 1 mM MUC and was allowed to progress for 10 min at room temperature with continuous shaking. The reaction was terminated by addition of 25 μL/well of 1 M sodium carbonate. End-point fluorescence (λ ex : 360 nm,/λ em : 455 nm) was recorded using a Spectramax Gemini XS plate reader (Molecular Devices, Sunnyvale, CA). Relative fluorescence units were compared to those of controls.
Activity on Insoluble Crystalline Cellulose
Enzymatic activity on Sigmacell 50 was determined by mixing 1 mg•ml −1 of enzyme at 37°C with 1% (w/v) of substrate in 100 mM sodium citric buffer (pH 5.0). 250 μl samples were taken at specific time points and the reactions were quenched by boiling the samples for 5 minutes. The quenched samples were filtered through a 0.22 μm Millex-GV syringe filter (Millipore, Ireland) and loaded onto a Shimadzu Liquid Chromatograph HPLC (Shimadzu Scientific Instruments, Columbia, MD) equipped with a refractive index detector. A Phenomenex Rezex RPM-Monosaccharide column heated to 85° C was utilized to separate the soluble oligosaccharides.
Activity on Soluble Substrates
Enzyme specific activity was measured using a micro version of the Modified Somogyi Method for reducing sugars as previously described 46 . The reaction mixtures containing 200 μl of substrate (1% β-glucan or other carbohydrate in 50 mM acetate buffer, pH 5.8) and 5 μl enzyme sample were incubated at 70°C for 10 minutes. Micromoles of sugars formed were determined using a glucose standard curve, and unit activity calculated as micromoles of reducing sugar per minute per milligram of protein.
Comparison of EngD to C. thermocellum cellulases
The exo-glucanase specificity of cellulases was determined by spotting 1.0 μg of enzyme directly on agar plates containing 10 mM 4-methylumbelliferyl β-D-cellobioside. Plates were incubated in a 40°C incubator for 60 minutes; after incubation, the plates were examined using a hand-held UV lamp and compared to negative and positive controls.
Digestion of Cellulose
Cellulose digestion experiments were conducted in a final volume of 1.0 ml of 50 mM acetate buffer, pH 5.8, containing 5 mM CaCl 2 and either 2.0 mg Avicel microcrystalline cellulose or 3.4 mg of Whatman 1 filter paper. Thermostable beta-glucosidase (betaglucosidase 1, Lucigen, Middleton, WI) was added at a level of 0.1mg/reaction to all reactions to convert cellodextrin products to glucose. C. thermocellum cellulases (Lucigen, Middleton, WI) and EngD were added at 0.1mg/reaction. Assays were performed at 40°C, with shaking at 1000 rpm, in a Thermomixer R (Eppendorf, Hamburg, Germany). Glucose formed was determined using the Megazyme D-Glucose (GOPOD Format) Assay Kit according to the manufacturer's directions.
Product Distribution Assays
Initial product distribution was determined for cellobiose (G 2 ), cellotriose (G 3 ), cellotetraose (G 4 ), cellopentaose (G 5 ), and cellohexaose (G 6 ) for EngD, EngD W162A , EngD Y232A , and EngD DM . 4 μg/ml of enzyme was mixed with 2 mM substrate (Glc 2 -Glc 6 ) in 100 mM sodium citrate buffer (pH 5.0). Each 500 μl reaction was incubated for 30 minutes at 37° C. The samples were boiled to halt the reaction, filtered through an Amicon® Ultra-0.5 3K concentrator (Millipore, Ireland), and loaded onto an HPLC setup describe above.
Cellulose Binding Assay
Each 500 μl binding reaction contained 200 μl of 0.5% (w/v) cellulose, 25 μl 1M citrate buffer (pH 5.0) and 275 μl of enzymes and water. After a 2 hour incubation at 4° C the samples were filtered through a 0.22 μm Millex-GV syringe filter. The concentration of unbound enzyme in the supernatant was determined by measuring the UV 280 absorbance. Bound enzyme was calculated by subtracting the unbound enzymes present in supernatant from total amount of added enzyme.
Small Angle X-ray Scattering
SAXS data were collected on the SIBYLS beamline using the high throughput data collection mode as described previously 47 . Glucose Isomerase at 1mg/ml was utilized as a molecular weight standard. Three concentrations of EngD were measured at 2.3mg/ml, 3.5mg/ml and 7.0mg/ml. Concentration dependence was observed and an extrapolation of the low q data to zero concentration was implemented. Each concentration was exposed 4 times to X-rays with 0.5,1,2 and 5 second exposure. No radiation damage was observed through comparing the 0.5 and 1 second exposure. Two buffer blanks were collected; one prior to the concentration series and one following. Both SAXS from buffer blanks were subtracted from the SAXS data collected from samples and the resulting subtracted files were compared for agreement. The 2 and 5 second exposures were merged with the 1 second exposure to produce a final scattering curve for further analysis using the program PRIMUS 48 .
The crystal structure is missing residues 349 -380 which were filled in by the program MODELLER 49 . The experimental scattering curve was then compared to that calculated from the crystal structure using the program FOXS 50 . Given that the missing residues in the crystal structure link domains and the significantly smaller radius of gyration relative to that measured from the experimental profiles, we tested whether the SAXS data was better fit by flexibly linked domains. Utilizing the program BilboMD 51 we created a large ensemble of over 16,000 conformations where the two domains were treated as rigid but were allowed to translate and rotate relative to one another within the biochemically realistic constraint of the linker. Scattering profiles were calculated from each conformation using FOXS. The best fitting structure was identified along with a minimal ensemble using the program MES 51 . A five member ensemble was required to fit the data to a χ less than 1.
Crystallization and Cellotriose Soak
EngD crystals, approximately 200 μm × 40 μm × 40 μm, were observed after one week in the IndexHT screen (Hampton research, Aliso Viejo, CA). Wild type EngD crystals utilized for data collection were grown at 4° C by hanging drop vapor diffusion by mixing 2 μL of an 8.8 mg•ml −1 protein solution, described above, with 2 μL of well solution (100 mM BisTris buffer, pH 5.5 containing polyethylene glycol 3350 (27%)). For the cellotriose-bound structure, wild type EngD crystals were soaked for up to 4 h in 100 mM Bis-Tris buffer, pH 5.5 containing polyethylene glycol 3350 (27%) and a saturating amount of cellotriose. Both the EngD and cellotriose-bound EngD crystals were cryoprotected by the addition of 15% ethylene glycol to the final well solutions described above and then frozen directly in liquid N 2 .
Diffraction Data Collection and Structure Determination
X-ray diffraction data for EngD and cellotriose-bound EngD crystals were collected at the Life Sciences Collaborative Access Team (LS-CAT) 21-ID-G beamline at the Advance Photon Source, Argonne National Laboratory. Diffraction images from both EngD and cellotriose-bound EngD crystals were indexed, integrated, and scaled using HKL2000 52 . Molecular replacement was carried out with Phenix AutoMR using the catalytic domain of endoglucanase A from Clostridium cellulolyticum (PDB ID: 1EDG) as the initial model 53 . The structure was completed with alternating cycles of manual model building in Coot and refinement in Phenix 53, 54 . The refined EngD structure was used as the molecular replacement model for the cellotriose-bound EngD structure. The cellotriose-bound EngD structure was completed as described for the initial EngD structure. All refinement steps for both structures were monitored using an R free value based on selection of 5.0% of the independent reflections. Model quality was assessed using MolProbity 55 . Molecular figures were generated using PyMOL (The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC.).
Bioinformatics
InterProScan Family analysis (http://www.ebi.ac.uk/Tools/InterProScan/), and BLASTP (Basic Local Alignment Search Tool 56 ) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) analysis tools were used to compare CelA with other proteins in the UNIPROT database. Phylogeny analysis was performed using software at http://www.phylogeny.fr/version2_cgi/index.cgi. Multiple alignments were run using ClustalW 57 alignment with curation to remove positions with gaps 58 . Construction of the phylogenetic tree was obtained using PhyML 59 , and graphically displayed using TreeDyn http://www.treedyn.org/. The overall structure of full-length EngD. (A) Cartoon representation of the overall structure of the catalytic domain of EngD is shown going from blue at the N-terminus to red at the Cterminus. The eight α-helices that flank the internal β-barrel of EngD are labeled α1 -α8. The two single turn helices located on extended loops and the N-terminal helix that encloses one side of the β-barrel are labeled α′1, α′2, and α0, respectively. A 125° turn from the view seen in the left panel shows the active site binding cleft highlighted in red and the residues that enclose the cleft, Trp162 and Tyr232, are shown explicitly as sticks. 
Analysis of EngD flexibility by SAXS. (A)
The pair distribution function, P(r), from the SAXS experiment (black) compared to that calculated from the crystal structure (blue). (B) SAXS scattering curve from EngD (black) with fit (red) by an ensemble of five conformations. (C) The Chi agreement to the experiment plotted as a function of Radius of Gyration (R g ) for each conformation created from BILBOMD (grey circles), the best fitting EngD monomer in the crystallographic lattice (cyan circle, Chi = 6.2) and the five conformations (triangles) from the BILBOMD ensemble that together fit the data to better than a Chi of 1 (red line, plotted in (A)). (D) The best fitting EngD monomer from the crystallographic lattice (black) along with the best fitting five conformation ensemble (catalytic domain (red), flexible linker (green) and CBM EngD (blue)). The percent contribution is noted and used to scale models. A schematic representation of the interactions involved in the binding of the two cellotriose molecules. Water molecules are represented as gray spheres. The top half of the figure shows subsites −3, −2, and −1 while the bottom half show subsites +3 and +4. All interactions in the −3, −2, and −1 subsite are from a single EngD monomer. The cellotriose molecule that occupies subsite +3 and +4 is coordinated by two EngD monomers and the residues are labeled with the corresponding chain id. The formation of glucose (A) and cellobiose (B) due to the hydrolysis of Sigmacell 50 by wild type EngD (◆) EngD W162A (■), EngD Y232A (▲), and EngD DM ( ) at 37° C. (C) Equilibrium binding isotherms of wild type EngD, (◆) EngD W162A (■), EngD Y232A (▲), and EngD DM ( ) on Sigmacell 50. The formation of glucose and cellobiose were fit with a log function as described previously 40 . HPLC traces of the hydrolysis products of wild type EngD (blue), EngD W162A (red), EngD Y232A (green), and EngD DM (purple) from cellotriose (G 3 ), cellotetraose (G 4 ), cellopentaose (G 5 ), and cellohexaose (G 6 ). The possible interactions between the subsites of EngD and cellobiose, cellotriose, cellotetraose, cellopentaose, and cellohexaose are shown. Subsites that were observed to interact with cellotriose in the cellotriose-bound crystal structure are marked (*). Bond cleavage occurs between subsite −1 and +1. 
